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High-temperature oxidation of additively manufactured (AM) Ni-base alloy IN625 has been studied in air and Ar-
4 %Hz-2 %H20 for up to 1000 h at 900 and 1000 °C. AM was produced from the same conventionally manu-
factured (CM) reference alloy batch to retain the chemical composition and minimize batch-to-batch variation.
The AM alloy developed subsurface porosity during oxidation, but the intergranular voids remained closed and
unoxidized because of good adhesion of the CryO3 scale to the metal. Contrary to many literature studies, AM had

no effect on either the oxide growth kinetics or the oxide adherence. The chemical composition of the currently
studied AM alloy close to the CM, especially the minor elements e.g. Al, Mn, Si and Ti, is believed to be the key
factor preventing oxide decohesion and intergranular oxidation attack.

1. Introduction

Ni-base superalloys are state-of-the-art structural materials for high-
temperature applications in petrochemical industries, heat processing,
aero-engine technology, power generation, etc. Most of these applica-
tions require high creep strength as well as high oxidation and/or
corrosion resistance to operate in harsh corrosive environments at
elevated temperatures [1]. Alloy Inconel 625 [2] is a popular CryOs--
scale forming Ni-base alloy, which finds applications in high-pressure
steam lining, nuclear power generation, marine and aerospace
industries.

Additive manufacturing (AM) of alloys has recently developed into a
separate dynamic branch offering a high degree of flexibility in design
and complexity of geometries as well as much lower material waste
compared to conventional machining routes [3-6]. As AM process in-
volves fast cooling rates and directional solidification resulting in highly
inhomogeneous and anisotropic alloy microstructures [7], the key
properties of AM-Ni-base alloys such as creep/fatigue strength and
oxidation/corrosion resistance might be compromised by AM.

Recent studies of Ni-base alloys produced using powder bed fusion -
laser beam (PBF-LB/M) process such as alloy IN625 [8,9] and alloy

IN718 [10-12] demonstrate that creep rates of the optimized AM alloys
can be achieved on the level of the wrought, conventionally manufac-
tured (CM) counterparts. At the same time, the oxidation resistance of
theses AM alloys remains systematically inferior to that of CM. Over the
past decade, oxidation behavior of AM high-temperature alloys [13-18],
especially alloy IN625 [19-31] and alloy IN718 [32-37], has been
addressed in numerous studies resulting in a consensus on two main
observations: i) there is no oxidation rate anisotropy, ii) AM alloys are
likely to suffer from intergranular oxidation attack (IGOA), i.e., internal
oxidation of Cr in an alloy designed to grow external Cr,O3 scales, and
thus have higher oxygen uptakes.

IGOA needs to be differentiated from a classical intergranular
oxidation (IGO) occurring in high-temperature alloys such as precipi-
tation of AlyO3 along the alloy grain boundaries (GBs) underneath an
external CryOg scale as demonstrated in e.g. CM IN625 [38]. IGOA in AM
alloy IN625 [19-26,28,30,31] and IN718 [33,34,37] has a characteristic
and reproducible oxidation morphology, i.e., a buckled CryO3 scale (at
very early oxidation stages) or a compact oxide ridge (at longer oxida-
tion times) is accompanied by elongated voids underneath the ridge.
After longer exposures, these voids are filled with Cro03. This ridge-void
(RV) morphology was repeatedly encountered after various annealing
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regimes and hot-rolling of AM alloy and was hypothesized by Chyrkin
et al. [22,23] to originate from the minor differences in chemical
composition of AM and CM, i.e., lower Si content in AM alloy IN625.
Moderate alloying with Si is well-known to improve oxidation resistance
of chromia-forming alloys [39-42]. Even though the experiments with
model alloys in [23] demonstrated a beneficial effect of Si suppressing
IGOA, it does not necessarily prove the beneficial effect of Si in the case
of AM alloy IN625 in [22,23], given the complexity of its microstructure.
To unequivocally verify the claimed effect of Si and possibly other minor
alloying elements, a batch of AM alloy IN625 with the identical chemical
composition of CM would be required. In all afore-mentioned studies
comparing oxidation behavior of AM and CM, the alloy specimens come
from different batches and, hence, differ in chemical composition. The
latter raises an important question: to what extent do the differences in
oxidation behavior between AM and CM alloys reported in [13-37]
originate from batch-to batch variations [43] or are they rather due to
additive manufacturing and the resulting AM microstructures?

In the present paper, AM alloy IN625 was manufactured from the
same CM batch previously studied in [38]. It should be also borne in
mind that AM is known to affect to some extent the chemical composi-
tion of the alloy as alloy atomization introduces the excessive oxygen
and nitrogen into the alloy powder. Furthermore, the minor deoxidizers
such as Al, Mn, Si and Ti are likely to react with oxygen or nitrogen
during atomization and thus may be lost in the AM process. However,
comparing the AM alloy with its original CM precursor is the best
available option to shed the light on the effect of alloy chemistry. In
summary, the goal of the present study is to minimize the batch-to-batch
variation and focus on the effects of oxidation behavior related solely to
the AM process.

2. Experimental procedure
2.1. Materials

The conventionally manufactured (CM) alloy IN625 was a forged bar
supplied by Huntington Alloy Corp. This CM alloy batch was studied in
[38]. The same batch was used for production of powder for PBF-LB/M.
IN625 powder was produced by gas atomization using an Indutherm
BluePower AU3000 atomizer in close-coupled mode. The starting ma-
terial was inductively melted at 1650 °C in a ceramic crucible, held for
30 min, and then introduced through an outlet valve into the atomizer
nozzle, where it was atomized under argon at 12 bar with a gas flow of
360 m® /h. During gas atomization, the cooling rate ranged from 10° to
108 K/s. The resulting powder was first sieved through a 63 um mesh to
remove coarse particles and then air-classified to eliminate fine fractions
below 10 um. For additive manufacturing, the powder was processed by
laser powder bed fusion (PBF-LB/M) using an EOS M290 customized
machine equipped with a 500 W 532 nm laser. Hereby, 20 um layers of
powder with particle sizes of approximately 10-60 um were spread on a
build platform and locally melted. After solidification, the platform was
lowered by one layer thickness and new powder was applied. The
quality and density of the melt tracks are governed by laser power, scan

Table 1
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speed, layer height, and hatching distance. In this work, a laser power of
95 W, a scan speed of 1380 mm/s, a layer thickness of 0.020 mm and a
hatching distance of 0.05 mm were employed, resulting in a volume
energy density of 61.6 J/mm?® . The additively manufactured test sam-
ples (AM) exhibited a relative optical density of 99.5.

The differences in chemical composition between CM and AM were
negligible. The chemical compositions of AM and CM alloy IN625 ob-
tained by Inductively coupled plasma — Optical emission spectrometry
(ICP-OES) and infrared (IR) combustion analysis are listed in (Table 1).

The alloy coupons of CM IN625 were machined from the forged bar
t0 12 x 12 x 2 mm? dimensions. The alloy coupons of AM IN625 were
machined to 10 x 10 x 2 mm®. The surfaces were ground with SiC
papers to 1200 grit. Several exposures were carried out with mirror
polished coupons, 1 pm as e.g. in [22,23], and did not reveal any
measurable differences in oxidation kinetics between the ground and
polished AM and CM alloy specimens. The 1200 grit surface finish was
selected for the present study to ensure a comparability with the data for
CM in [38].

2.2. Thermobalance exposures

The in-situ oxidation kinetics measurements were isothermally per-
formed with a SETARAM thermobalance in flowing synthetic air and Ar-
4 %H,-2 %H30 for up to 72 h at 900 and 1000 °C. The heating rate was
90 K min~'. The cooling rate was 10 K min .

2.3. Long-term air exposures

The CM and AM specimens were discontinuously exposed in air and
Ar-4 %Hj;-2 %H,0 for up to 1000 h at 900 and 1000 °C, recapitulating
the test program in [38]. Exposures were performed in a horizontal tube
furnace (z 44 mm). The temperature calibration was performed by an
external Pt/Rh-thermocouple to establish a 4 cm wide zone of stable
temperature in the furnace.

The air exposures were carried out in quartz tubes in stagnant lab air.
The specimens were degreased in ethanol and acetone prior to exposure
and directly introduced into the hot zone of the tube furnace. After a
dwell time, the specimens were removed from the hot zone of the
furnace and cooled down in air and re-introduced into the furnace after
weighing.

The exposures in Ar-4 %Hs-2 %H>0 gas mixtures were carried out in
an alumina tube in a horizontal furnace. The Ar-4 %H, gas mixture
supplied by Linde Gas was bubbled through a humidifier kept at 17.5 °C.
The alloy specimens were introduced into a cold furnace, flushed with
the dry Ar-4 %H, gas for 1 h and heated at 10 K min~! to reach the
exposure temperature. The humidification was turned on once the
furnace reached the target temperature. The cooling rate was
10 K min~! as well. The gas flow rate was set at 200 ml min".

The mass gain curves were obtained by gravimetric measurements
prior to and after the exposures using Mettler Toledo XP6 microbalance
with a 1 ug resolution.

Chemical composition of as-forged CM and AM alloy IN625 in wt% in form of atomized powder and as-printed specimen determined by ICP-OES and IR combustion
analysis. The alloying elements are grouped according by their metallurgical functionality and oxidation behavior.

Base 8-phase neutral oxide scale internal oxides interstitials

Ni Cr Mo Nb Fe Cu Mn Ti Al Si C o N
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%)] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
CM IN 625

Bal. 21.5 9.1 35 3.61 0.19 0.11 0.33 0.32 0.27 0.02 0.001 0.013
IN 625 powder

Bal. 21.3 9.0 3.26 3.57 0.30 0.09 0.33 0.30 0.35 0.04 0.013 0.041
AM fabricated IN 625

Bal. 21.6 9.1 3.23 3.60 0.31 0.10 0.33 0.30 0.23 0.06 0.019 0.044
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2.4. Microstructural characterization

Electron backscatter diffraction (EBSD) maps were obtained on as-
received materials using a Zeiss Ultra 55 field emission gun (FEG)
scanning electron microscope (SEM) equipped with an HKL Channel 5
EBSD detector. An FEI Quanta 200 SEM equipped with an Oxford X-max
80 energy dispersive X-ray spectrometer (EDX) was employed for pre-
and post-exposure analyses. Aztec software was used to evaluate the
EDX data. Cross-sections of the as-printed and exposed alloy samples
were prepared by mechanical polishing. The exposed specimens were
gold sputtered and electroplated with nickel prior to mounting to ensure
the integrity of the oxidation products. The specimens were hot mounted
using the conductive mounting resin PolyFast (Struers, Denmark). The
mounted specimens were ground with SiC papers to 4000 grit and
further polished with diamond pastes to 0.25 ym. The final preparation
step was polishing with an alkali solution of colloidal silica OP-S
(Struers, Denmark).

Corrosion Science 260 (2026) 113588

3. Results
3.1. Material microstructure

SEM BSE images in Fig. 1 demonstrate the microstructure of as-
printed AM (a,b - transversal cut, c,d - longitudinal cut) and CM (e,f)
alloy IN625. The EBSD inverse pole figures (IPF) maps in Fig. 2 show a
common microstructure of AM alloy IN625, previously reported in [22,
44], consisting of vertical melt pools 30-40 pm in width aligned along
the build axis Z. The melt pools contain submicron dendritic cells
(Fig. 1b,d). The forged CM alloy IN625 contains equiaxed grains with
the average grain size of 12 pm.

3.2. Thermogravimetry

Fig. 3 shows in-situ TG-curves for CM and AM alloy IN625 measured
in thermobalance during exposures in synthetic air and Ar-4 %Hs-2 %
H,0 for 72 h at 900 and 1000 °C. Remarkably, the curves for CM and AM

Fig. 1. SEM BSE images of as-received AM (a-d) and CM (e,f) alloy IN625. AM alloy was sectioned transversally (AM-Z in fig. a,b indicated by circles) and
longitudinally (AM-X in fig. c,d indicated by arrows) with respect to the build direction.
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Fig. 2. EBSD maps for as-printed AM (a,b) and CM (c) alloy IN625. AM alloy was sectioned longitudinally (AM-X in fig. a, build direction indicated by arrow) and

transversally (AM-Z in fig. b, build direction indicated by circle).
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Fig. 3. Weight change curves recorded in-situ for AM (symbols) and CM (lines)
alloy IN625. Specimens were exposed in synthetic air (in red and green) and Ar-
4 %H-2 %H50 (in blue and orange) for 72 h at 900 °C and 1000 °C. Full
symbols denote the longitudinal cut AM-X, empty symbols denote the trans-
versal cut AM-Z.

are virtually identical for all four conditions, i.e., two temperatures and
two different atmospheres. At both 900 and 1000 °C, the oxidation rate
is slightly higher in Ar-4 %H>-2 %H50 compared to air.

These trends were fully reproduced in discontinuous long-term
furnace exposures for up to 1000 h (Fig. 4). The oxidation rates agree
well with previously reported data for this batch of IN625 [38]. The
oxidation kinetics is parabolic (Fig. 3). At 1000 °C, both AM and CM are
prone to weight loss due to oxide spallation after 300 h in air while in

Ar-4 %Hj-2 %H20 the oxygen uptake is continuous, i.e., no oxide
spallation occurs even after 1000 h of discontinuous exposures at 1000
°C.

3.3. Oxide scale morphologies

Fig. 5 illustrates BSE images of cross-sectioned CM and AM alloy
IN625 specimens exposed in air for 24 h (a, b, ¢) and 1000 h (d, e, f) at
900 °C. Microscopy for air exposures at 1000 °C is not demonstrated due
to severe oxide spallation as can be seen from the mass changes in Fig. 4.
The CM specimens reproduced the oxidation morphology reported for
this alloy batch in [38], i.e., (i) an external CryOg3 scale is accompanied
by internal precipitation of Al;Os at the alloy GBs, (ii) the intermetallic
phase 6-Nig(Nb,Mo) dissolves in the near-surface region and
re-precipitates at the oxide-metal interface [43]. After 1000 h, the alloy
grains coarsened in the subsurface dissolution zone of the CM specimen.

The AM specimens grew a morphologically similar external CryO3
scale and also revealed a characteristic re-precipitation of the &-phase
below the scale. However, the precipitate dissolution zone is less pro-
nounced. The main microstructural difference between CM and AM are
the subsurface voids in the AM specimens as previously reported for AM
alloy IN625 [19-23]. The Crp03 scales on both CM and AM are undulant
and corrugated. At the same time, the AM specimens do not reveal oxide
ridges sticking out over the alloy GBs as in e.g. [22,23].

The corresponding EDX element mappings of the key elements
involved in the oxidation process are presented in Fig. 6 (24 h) and Fig. 7
(1000 h). The O and Al maps visualize internal oxidation of Al at the GBs
in CM and in the voids in the AM specimens. Particles containing Ti are
detected in the CryO3 scale. Si was detected by EDX at the oxide-metal
interface as well as in the voids. It should me mentioned that Si pre-
sent in the void may be an artefact due to the final cross-section pol-
ishing step with colloidal silica. Most remarkably, Cr is not present in the
voids. The subsurface porosity remains closed, and oxidation of the
voids is limited to internal oxidation of Al. Minor traces of chromium
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Fig. 4. Weight change curves recorded discontinuously for AM (full symbols)
and CM (empty symbols) alloy IN625 exposed in stagnant lab air (in red) and
Ar-4 %H,-2 %H,0 gas mixture (in blue) for up to 1000 h at (a) 900 °C and (b)
1000 °C.

oxide can be found in some voids in the immediate vicinity of the oxide-
metal interface after 1000 h in air at 900 °C. However, Cr oxidation
neither propagated inwards nor resulted in IGOA.

Fig. 8 shows GD-OES profiles of the minor deoxidant alloying ele-
ments Al, Mn, Si and Ti in the CM and AM alloy IN625 specimens after
100 h oxidation in air at 900 °C. The profiles of the elements penetrating
the CryO3 scale, i.e. Mn and Ti, have a very similar shape in the CM and
AM specimens. The oxidation of Ti and Mn in IN625 is thus not affected
by AM. Remarkably, Ti has two distinct enrichment peaks at both in-
terfaces of the CryO3 scale (see also Fig. 6 and Fig. 7). This implies that
some TiO; should be present at the oxide-metal interface or Ti could be
incorporated into the CryO3 scale at the oxide-metal interface due to a
higher solubility of Ti at low pO; [45]. Al and Si oxidize internally. The
concentration profiles of Si and Al in CM and AM are similar. Both Al and
Si reveal an enrichment peak at the oxide-metal interface in the CM and

Corrosion Science 260 (2026) 113588

AM variants of the alloy. No such Si-enrichment in AM could be detected
for a Si-low batch of AM alloy IN625 in [23,46]. The internal oxidation
zone (Al) of Al in CM and AM are equally deep in agreement with
SEM/EDX (see e.g. Fig. 6 and Fig. 7).

EBSD maps in Fig. 9 reveal a characteristic distribution of grain size
in the CryOs3 scales thermally grown on alloy IN625. After 24 h of
exposure, the grain size distribution across the scale thickness is rela-
tively uniform. After 1000 h, the oxide scale contains larger grains in the
outer part and finer grains in the inner part close to the oxide-metal
interface. Such a grain size distribution is indicative of a predomi-
nantly outward oxide growth. The Cr,0O3 scale grown on the AM speci-
mens appears to be more fine-grained in the innermost part and more
corrugated in general. The AM specimens revealed more M¢gC pre-
cipitates close to the oxide-metal interface, which is presumably related
to a higher carbon content in AM compared to CM because of the AM
process resulting in an increased content of interstitial elements such as
O, N, and C [47] (Table 1).

Fig. 10 presents Kernel average misorientation (KAM) maps in the
CM (a) and AM (b,c) in alloy IN625 after air oxidation for 1000 h at 900
°C. In the CM specimen, the KAM values are high (light green contrast vs
dark blue background) only at the GBs in the oxidation affected zone
where internal precipitation of AloO3 took place (Fig. 7 and Fig. 8).
Contrary to CM, the AM specimens reveal a dense network of lattice
misorientations across the entire material, which is common for AM
alloys [48]. An increased value of the Kernel average misorientation
indicates a locally increased density of defects and stresses. The latter
affect the diffusion properties of the AM alloy.

Fig. 11 shows SEM BSE images of cross-sectioned CM and AM alloy
IN625 specimens exposed in Ar-4 %Hs-2 %H0 for 1000 h at 900 °C (a,
b, ¢) and 1000 °C (d, e, f). The Cry03 scales grown in Ar-4 %H-2 %H50
are much smoother and slightly thicker compared to those grown in air
(compare results for 900 °C with Fig. 5). The phase transformations at
900 °C (Fig. 11a-c) are identical to those observed in the air exposed
specimens (Fig. 5d-f), i.e., dissolution and re-precipitation of the
§-phase. At 1000 °C, d-phase is dissolved in the alloy IN625, but it
precipitates at the oxide-metal interface as described in [38]. The alloy
is, however, not single-phase at 1000 °C as MgC carbide is stable. This
carbide dissolves in the near-surface region during oxidation [38],
which was observed in the present study in both CM and AM specimens.
As the 8-phase is not pinning the alloy GBs at 1000 °C, the alloy grains
coarsen substantially (from 5 to 50 um over 1000 h at 1000 °C) in the
CM specimen but not in AM (Fig. 11e,f). Finally, abundant subsurface
porosity was found in the AM specimens at both temperatures.

3.4. Kinetic parameters

Fig. 12 shows the temporal evolution of the CrO3 scale thickness
during oxidation in air and Ar-4 %H,-2 %H30 at 900 °C and 1000 °C
measured from the SEM images. The metallographic analysis reveals no
measurable difference in oxide growth kinetics between CM and AM in
both gases in excellent agreement with in-situ TG (Fig. 3) and discon-
tinuous furnace exposures (Fig. 4) except the air exposures at 1000 °C
due to oxide spallation (not presented here). The parabolic rate con-
stants, k, calculated based on Eq. (1) and the data in Fig. 12 are sum-
marized in Table 2 along with the literature data and Cr interdiffusion
coefficients for alloy IN625.

X2 = 2k,t @

The measured k, values are in very good agreement with the previ-
ous measurements for the studied alloy batch [38] and literature data in
general (see e.g. Fig. 5 in [22]).

Fig. 13 presents the temporal evolution of the void depth in AM alloy
IN625 during oxidation in Ar-4 %H»-2 %H20 at 900 °C and 1000 °C
measured from the SEM images. The void propagation kinetics are
parabolic and, hence, diffusion controlled. The parabolic rate constants
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Ni-plating

Fig. 5. SEM BSE images of oxide scales grown on CM (a,d) and AM-X (b,e) and AM-Z (c,f) alloy IN625 specimens after air exposure for 24 h (a,b,c) and 1000 h (d,e,f)

at 900 °C.

calculated using Eq. (1) are 2.3 x 107" m? s at 900 °C and
8.1 x 107 m? s~ ! at 1000 °C, which is close to Cr diffusion coefficients
in the alloy at the respective temperatures (Table 2).

3.5. Cr depletion

Cr depletion profiles measured with EDX in the CM and AM alloy
IN625 specimens are shown in Fig. 14 (900 °C) and Fig. 15 (1000 °C).
The experimental measurements (symbols) are compared with the
calculated Cr-profiles obtained using the classical Wagnerian selective
oxidation model [49]. For a binary alloy A-B in which only B reacts with
oxygen while A is noble, the mole-fraction of B in the alloy, Np, can be
expressed as a function of distance from the oxide-metal interface z in m,
time t in s:

e /5]

Ny - Nt

(2

1
2
erfC( k )
2Dg

here Ng is the mole-fraction of B in the alloy bulk, i.e., initial concen-
tration of B. NI is the mole-fraction of B at the oxide-metal interface.
The kinetic parameters in Eq. (2) are parabolic rate constant, k., in

m? s! expressed in terms of metal recession and interdiffusion coeffi-
1

cient of B in alloy A-B, Dg, in m? s™}, respectively. The metal recession
rate constant k. is directly related to the oxide growth rate constant k,
via the Pilling-Bedworth ratio:

I7 2
ko= k <“_/’—'") ®

here V,, and V,, are molar volumes of metal B and its oxide involved in
the oxidation reaction. For Cr in a Ni-base alloy and Cry03 these values
are 7 x 10°® m® mole ™! and 15 x 1075 m® mole ™, respectively.

The value N§* is the time-indent concentration of B at the oxide-

metal interface and is intrinsically related to the balance of the con-
sumption rate of B, k., and its supply from the alloy, Dp:

1
Nyt = (”’fﬂ>2 @

B

The Cr depletion profiles in the CM alloy IN625 are well approxi-
mated with Eq. (2) for both 900 °C (Fig. 14a) and 1000 °C (Fig. 15a). The
kinetic parameters employed in the calculation of the Cr depletion
profiles are summarized in Table 2. The Cr concentration at the oxide-
alloy interface at 900 °C in CM is approximately 15 wt% in agreement
with [38] and drops to 7 wt% in the specimens exposed in Ar-4 %Hs-2 %
H>0 at 1000 °C.

In AM alloy IN625, the Cr depletion profiles remarkably differ from
those in the respective CM specimens. The interface concentrations of Cr
are higher, 17.0 vs 15.0 wt% at 900 °C (Fig. 14) and 13.0 vs 7.0 wt% at
1000 °C (Fig. 15). Considering that the oxidation rate constants, k,, for
CM and AM are identical (Fig. 3 and Fig. 12), it can be concluded that Cr

diffusion is accelerated in AM compared to CM. The approximated D¢,

values for AM are summarized in Table 2. D¢, is higher in AM relative to
CM by a factor of 2 at 900 °C and factor of 3 at 1000 °C.

4. Discussion
4.1. Intergranular oxidation attack

The most striking and important finding in the present study is the
absence of intergranular oxidation attack (IGOA) in the AM specimens
(see e.g. Fig. 6 and Fig. 7). With a few exceptions [27,29], AM alloys
IN625 [19-26] and IN718 [32-34] are generally reported to suffer from
IGOA during oxidation at 900-1000 °C. IGOA occurring in AM Ni-base
alloys [19-37] is usually discussed in literature in terms of comparing
AM vs CM for which IGOA is not common. This study as well as ex-
periments in [27,29] demonstrate that such a comparison can be made
even between different AM batches of e.g. alloy IN625. The oxidation
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AM-Z

Fig. 6. EDX element maps of oxide scales grown on CM and AM alloy IN625 specimens after 24 h air exposure at 900 °C.

kinetics measurements in Fig. 3 and Fig. 4 show that IGOA is not
necessarily triggered exclusively by AM, which undoubtedly has a strong
effect on the alloy microstructure, transport properties in the alloy and,
hence, its oxidation behavior. A common denominator for all reported
oxidation studies of AM Ni-base alloys is the oxidation-induced sub-
surface porosity. The present study is not an exception, i.e., voids formed

in the exposed AM specimens (Fig. 5 and Fig. 11): the spherical Kir-
kendall cavities within the alloy grains as well as strings of intergranular
voids along the GBs.

Chyrkin et al. [46] proposed a decohesion mechanism of IGOA in
which the key step initiating the process of accelerated oxidation is the
decohesion and buckling of the Cro03 scale over the GBs of the alloy. The
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Fig. 7. EDX element maps of oxide scales grown on CM and AM alloy IN625 specimens after 1000 h air exposure at 900 °C.

spacing between the buckled oxide and the alloy substrate is then filled
with the gas from the atmosphere, most likely through microcracks in
the Cr,0j3 scale as proposed by Gibbs in [50]. The alloy underneath the
oxide buckle is re-oxidized, which intensifies the Cr depletion in the
intermediate vicinity of the GB. The elongated intergranular voids form
at the alloy GBs due to faster Cr diffusion (Table 2) in the AM alloy. The

latter causes a flux of vacancies arising from the mismatch of Cr and Ni
fluxes and eventual condensation of these vacancies at the alloy GBs. Cr
diffusion in the AM alloy will be separately discussed in the next section.

When these two parallel and independent processes, i.e., oxide
decohesion and void formation, occur simultaneously, intergranular
voids at the oxide-metal interface open and oxidize. The voluminous
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Fig. 8. GD-OES concentration profiles of Al, Mn, Si and Ti in (a) CM and (b)
AM-Z alloy IN625 after 100 h oxidation in air at 900 °C.

internal CryO3 mass growing in these voids further cleaves the alloy
along the GB and promotes thereby IGOA. From this perspective, the IG
voids will not oxidize if the CryO3 scales remain well-adherent and do
not buckle, i.e., IGOA will not occur if a massive oxide decohesion is
prevented. The abundant subsurface porosity will be present in the
oxidation affected zone of the AM alloy, but these voids will remain
closed and will not be exposed to oxidation. The latter is systematically
observed in the present work in both air and Ar-4 %H,-2H50 at 900 and
1000 °C. The Cry03 scale grown e.g. in air at 900 °C is corrugated as it
formed under high compressive growth stresses (Fig. 5), however, it
lacks any sign of a massive scale decohesion due to these stresses. At the
same time, the elongated IG voids are present in the immediate vicinity
of the oxide-metal interface. After 1000 h at 900 °C, these voids in the
currently studied AM specimens are filled only with Al;O3 due to in-
ternal oxidation contrary to the observations with other AM versions of
IN625 e.g. [22-25], where such IG voids are shown to be filled with
Cry0s. It should be noted that due to a higher thermodynamic stability of
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Al;03 compared to Cry03, formation of Al,O3 internal precipitates may
occur by a different mechanism, i.e. by oxygen dissolved interstitially
from the adherent Cr-oxide scale into the metal whereby no access of
molecular oxygen to the pore is required. Formation of alumina within
the pores in the presently studied AM IN625 batch might be related to
easier nucleation of precipitates at the pore walls than within the alloy
grain similar to the process occurring at the alloy grain boundaries of CM
IN625 [38] at the oxide-metal interface as demonstrated e.g. for alloy
617 in [51].

The absence of IGOA in the present work is also reflected in oxidation
kinetics. Both thermogravimetry (Fig. 3 and Fig. 4) and the metallo-
graphic analysis (Fig. 12) demonstrate that the oxidation rates of
currently studied AM and CM are virtually identical as IGOA is the only
essential contributor to the accelerated oxidation of other AM IN625
alloy versions.

Finally, the decohesion mechanism is supported by another work of
Chyrkin et al. [52], in which a batch of AM alloy IN625 suffering from
IGOA was coated with 10 nm Ce to increase oxide adherence. Small
additions of reactive elements (RE) such as Ce, Y, La are well known to
improve corrosion resistance of CryO3 and AlyO3 forming
high-temperature alloys via i) lowering the oxide growth rate and ii)
improving oxide adhesion. Both effects were achieved by applying the
Ce-coating. Most interestingly, the CryO3 scale on the Ce-coated alloy
adhered very well and did not buckle over the GBs. Even though coating
with Ce dramatically reduced the overall oxidation rate of AM alloy
IN625 and thus the extent of subscale porosity, the IG voids still were
present underneath the oxide scale. However, these voids neither
opened nor oxidized and contained only internally precipitated AloOs.

The experimental results obtained in the present study together with
the relevant case-studies in literature [27,29], especially the RE effect
[52], validate the decohesion mechanism [46] of IGOA occurring in AM
Ni-base alloys, i.e., IGOA does not occur if oxide scale delamination is
prevented. This raises an extremely important question why the Cr03
scales thermally grown on some specific batches of AM alloy IN625 are
prone to decohesion while apparently the same CryO3 scales can be
well-adherent to the metal when grown on other AM alloy batches? The
factors affecting oxide adhesion to the alloy substrate will be addressed
in the following sections.

4.2. Oxide adhesion

This study was designed to differentiate the AM effects from the
batch-to-batch variation effects on the oxidation behavior of AM alloy
IN625 and single out the main trigger of IGOA. As demonstrated in the
present study (Fig. 12) and also in [46], the CroO3 growth kinetics was
not affected by AM while the abundant subscale porosity in the AM
specimens did not develop into IGOA when the AM alloy was manu-
factured from the same alloy batch as CM and had the same chemical
composition (Table 1). The most evident difference between AM and CM
established in the present work is the adhesion of the CryO3 scale to the
alloy substrate. Oxide adhesion to the underlying metal is an important
and well-explored property of technically relevant high-temperature
alloys [53-55]. The focus in the available literature on adhesion of
Cry03 and AlyOj3 scales is made on i) its sensitivity to minor alloying
elements [53,55,56], ii) the beneficial effect of reactive elements (RE)
such as Y, Ce, La [57-60], iii) the detrimental role of interstitial impu-
rities such as C and S segregating to available interfaces [59], iv)
improved oxide adhesion mechanisms such as “pegging” or “keying”
[59,61,62] as well as v) developing experimental techniques to quantify
the adhesion energy [53-56]. In the context of the present study, the
effect of minor alloying elements as well as oxide pegs affected by these
minor elements appear most relevant.

Mn is ubiquitous in high-temperature alloys. High concentrations of
Mn are usually detrimental for oxidation behavior [63,64]. However,
minor alloying with Mn up to approximately 0.3 wt% is known to pro-
mote the formation of an external MnCryO4 layer which hampers
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Fig. 9. EBSD maps of oxide scales grown on CM (a,d) and AM-X (b,e) and AM-Z (c,f) alloy IN625 specimens after air exposure for 24 h (a,b,c) and 1000 h (d,e,f) at
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Fig. 10. Kernel average misorientation (KAM) maps in y-FCC of (a) CM, (b) AM-X and (c) AM-Z alloy IN625 specimens after 1000 h air oxidation at 900 °C.

reactive evaporation of CroO3 in humid gases [65,66]. At low concen-
trations, Mn tends to diffuse through the Cro03 scale (see the Mn profiles
in Fig. 8), does not segregate at the oxide-metal interface and thus
marginally affects the adhesion of Cry03. Nanoparticles of Mn-rich ox-
ides were recently detected by atom probe tomography (APT) precipi-
tated inside the grains of the CryO3 scale grown on CM IN625 [46].
These particles presumably formed during the initial stages of oxidation
of all elements available in the alloy before the alloy surface was fully
covered with Cry0s3.

The GD-OES profiles of Ti, Al and Si in Fig. 8 demonstrate clear
enrichment peaks at the oxide-metal interface indicating precipitation of
the corresponding oxide particles at this boundary. The signals of Ti, Al
and Si-rich particles at the oxide-metal interface can be also discerned in
the EDX concentration maps (Fig. 6 and Fig. 7) even though the reso-
lution of the maps is weak due to low concentrations of these alloying
elements.

The minor alloying elements are known to affect the Cr,O3 adhesion.
Mougin et al. [55] demonstrated a beneficial effect of TiO, particles
pegging the CryOs scale grown on ferritic stainless steel. Hou and
Stringer [61] reported a positive effect of Al ion implantation on the
adhesion of Cry03 on a binary model alloy Ni-25Cr. A beneficial effect of
alloying FeCr- and NiCr-based alloys with minor amounts of Al is re-
ported in other studies [67-69].

The effect of Si addition on the oxide scale adhesion is complex and
rather contradictory. Si is generally believed to improve the perfor-
mance of chromia-forming alloys [39,70] via lowering the scaling rate.
However, SiO, forming a subscale is often found to increase the risk of
oxide spallation [40-42,56,71]. Similar to Mn, high levels of alloying
with Si are detrimental. At the same time at low concentrations
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(0.2-0.3 wt%), Si is reported to segregate to the oxide-metal interface
[72] and significantly improve oxidation behavior [70]. Low concen-
trations of Si might be beneficial as well for Cr,O3 adhesion as e.g. those
of Al and Ti. The APT analyses of the oxide-metal interfaces in CM IN625
(the batch used in the present study) after 1000 h air oxidation at 900 °C
[46] revealed no Si peak at the oxide-metal boundary while the GD-OES
profile of Si demonstrated a significant Si enrichment underneath the
Cry03 scale. It is therefore highly likely that SiO5 at the oxide-metal
interface is also present in form of nano-sized particles as e.g. demon-
strated with APT for a FeCr-base alloy in [73].

In summary, minor elements (Ti, Si, Al) present in alloy IN625 are
reported to moderately improve the adhesion of CryO3 grown on Ni-Cr
model alloys. It is reasonable to assume that changes in the chemical
composition, with respect to these minor alloying elements, between CM
and AM may result in deteriorated CrO3 adhesion, oxide decohesion
and IGOA. AM alloy IN625 in [23,46] suffered from oxide buckling and
IGOA. In contrast to the CM specimen, the GD-OES profiles did not
reveal a subscale peak of Si as the AM batch had a lower Si content
(0.08 wt%) compared to CM (0.24 wt%). In other cases of IGOA re-
ported for AM alloy IN625 [19-21], the alloy Si content was also low
(0.11 wt%). Several studies [24,25,31] either do not disclose the exact
chemical composition of the AM material or give a nominal composition
of alloy IN625.

It is presently not clear why many batches of AM Ni-base alloys have
lower additions of elements such as Si or Al compared to CM versions of
the same material. However, this seems to be not only a feature of Ni-
base alloys, as lower Al-content was also observed in the AM-version
compared to cast product of a Co-base superalloy [14]. It is possible
that some loss of these minor additions occurs during powder
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Fig. 11. SEM BSE images of oxide scales grown on CM (a,d) and AM-X (b,e) and AM-Z (c,f) alloy IN625 specimens after 1000 h exposure in Ar-4 %Hs-2 %H20 at 900

°C (a,b,c) and 1000 °C (d,e,f). Note the difference in scale bars.

manufacturing or even that the Si (Al) contents are deliberately kept low
by the powder manufacturers for a better processibility of the powders
by AM. Anyway, the present study demonstrated that a preservation of
the alloy chemistry during the AM process, i.e., minimal departures from
the initial composition of the CM precursor (Table 1), resulted in a
well-adherent, non-buckling CryO3 scale, which prevented the occur-
rence of IGOA despite the abundant intergranular porosity induced by
AM.

4.3. Accelerated Cr diffusion

An important effect of AM in alloy IN625 observed in the present
study is the enhanced diffusion of Cr in the alloy. The Cr depletion
profiles in Fig. 14 and Fig. 15 along with the kinetic parameters sum-
marized in Table 2 indicate two important findings:

i. There is no measurable Cr diffusion anisotropy in the AM alloy.
ii. Cr diffusion is accelerated in AM compared to CM by a factor of 2-3.

The accelerated Cr diffusion measured in AM alloy IN625 is not
surprising. Even though the literature on diffusion in AM high-
temperature alloys is rather limited, several studies report Cr deple-
tion profiles in AM Ni-base alloys [16,17] and AISI 316 L [74,75]
describing flatter Cr profiles in AM alloys compared to CM. In other
words, Cr is systematically reported to diffuse faster in AM than in CM
alloys. Based on the reported Cr depletion profiles [74,75], an average
acceleration factor of 2 can be estimated, which agrees well with the
findings in this study (Table 2). The acceleration of Cr diffusion mani-
fests itself in an increased interface Cr concentration as well as in a
deeper Cr depletion front and should be attributed to the additive
microstructure of the alloy. The characteristic melt pools (Fig. 1a,c) in
the AM microstructure of the alloy contain sub-micron dendritic cells
(Fig. 1b,d) which provide the material with a dense network of addi-
tional GBs. Fig. 10 demonstrates the difference between CM ad AM in
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this regard, i.e., the density of lattice misorientations is clearly higher in
the AM specimens compared to the CM one. More importantly, these
dendritic cells survive the 1000 h exposure at 900 °C as shown in
Fig. 16a.

Furthermore, the AM effect on Cr diffusion in the present work ap-
pears stronger at 1000 °C, the acceleration factor amounting to 3
(Table 2) compared to factor of 2 at 900 °C. This additional acceleration
of Cr diffusion in AM may be attributed to the different grain coarsening
dynamics in AM and CM at this temperature. At 1000 °C, the 3-NisNb
phase is not stable and completely dissolved in the Ni-matrix while it is
stable at 900 °C [38]. This phase tends to precipitate at the GBs and
hampers alloy grain coarsening by pinning them below 930-980 °C. The
alloy grains in alloy IN625 can also coarsen at 900 °C providing that the
8-NigNb phase is dissolved as e.g. in the oxidation affected zone (see
Fig. 5d). This precipitate dissolution mechanism applies both to CM and
AM.

However, the alloy grains in AM do not grow as they do in CM at
1000 °C (compare fig. d with figs. e and f in Fig. 11) even though
8-NigNb phase is completely dissolved in both CM and AM. The impeded
grain coarsening can be seen as well in the high-magnification image of
the AM alloy microstructure after 1000 h at 1000 °C in Fig. 16b. Event at
1000 °C, the sub-micron grains coarsen to a few pm but not to
50-100 pm as in CM (Fig. 11d). This microstructural stability of AM is
likely to be the consequence of a GB pinning by particles of TiN (black
dots at the GBs in Fig. 16b) decorating the alloy GBs [76] resulting from
nitrogen introduced during the AM process (Table 1). The GB network in
AM remains thus stable and unaffected by grain coarsening during
exposure at 1000 °C while the GB network in CM progressively shrinks.
The dynamic reduction of the GB contribution of alloy Cr diffusion in CM
is thus believed to increase the difference in net Cr diffusion between AM
and CM alloy IN625. Recent studies [77] demonstrate that the GB
contribution to Cr diffusion in alloy IN 625 is significant even at 1000 °C.

Apart from different GB densities in AM and CM, AM alloys are also
known to develop dense networks of dislocations in the microstructure
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Fig. 12. Temporal evolution of oxide scale thickness measured from SEM im-
ages for CM and AM alloy IN625 exposed for up to 1000 h in air and Ar-4 %Ho-
2 %H,0 at 900 °C (a) and 1000 °C (b). At 1000 °C, oxide thickness was
measured only for the specimens exposed in Ar-4 %H,-2 %H,0. Air exposed
specimens suffered from severe oxide spallation at 1000 °C. Lines are parabolic
fits calculated using parameter summarized in Table 2.

[78-81] during atomizing and printing due to large thermal gradients,
high cooling rates and a complicated thermal history. The accelerated

transport over short-circuit paths can be affected by a phenomenon

Table 2
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termed as dislocation pipe diffusion [82,83]. However, a systematic
high-resolution microscopy study is required to confirm and/or quantify
a contribution of dislocations to the overall acceleration of diffusion in
AM.

Another remarkable consequence of enhanced Cr diffusion in AM is
the higher concentrations of Cr at the oxide-metal interface in the AM
specimens compared to CM (see Cr-depletion profiles in Fig. 14 and
Fig. 15). This increased Cr-interface concentration might be the reason
of a more abundant precipitation of 3-Ni3Nb at the oxide-metal interface
in AM compared to CM (Fig. 9) as Cr is known to stabilize 5-NigNb in
IN625 [38].

Enhanced Cr diffusion in the AM alloy may have beneficial as well as
detrimental effects on the oxidation resistance of the alloy. Faster Cr
diffusion generally is viewed as a positive factor increasing Cr supply to
the oxide-metal interface and thereby improving the resistance to
breakaway oxidation [84,85]. It is often intentionally induced by
cold-work [86] of the surface to promote protective oxidation [87,88].
At the same time, higher Cr fluxes through the network of alloy GBs and
dislocation will produce an additional vacancy flow [89,90]. Together
with the vacancies injected from the oxide growth process [51], this
oversaturation of vacancies will further intensify the Kirkendall porosity
in the Cr-depleted alloy subsurface [91]. During the exposures at 900
and 1000 °C, the voids formed exclusively in the oxidation affected,
Cr-depleted zone and not in the alloy bulk. This implies that the sub-
surface voids are induced primarily by oxidation (Cr consumption) but
not by the AM process per se. Another factor affecting the subsurface
porosity are the stresses in the oxide scale that are known to intensify the
void development [20].

In summary, the oxidation-induced subsurface porosity is inevitable
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Fig. 13. Kinetics of void propagation in AM alloy IN625 measured SEM images
for specimens exposed for up to 1000 h in Ar-4 %H,-2 %H,0 at 900 °C.

Parabolic rate constant, k,, and interdiffusion coefficient of Cr, ﬁc,, in alloy IN625. The reference values for CM were taken from [38,77]. The experimental values for

CM and AM were determined from the Cr depletion profiles.

T,°C k;xp Klie ~lit.CM ~exp.CM popAM voids
P Cr Cr
[m?s] m?s1] m?s 1] m?s1] m?s 1] m?s 1]

air

900 1.0 x 1077 8.0 x 10718 2.4 x 10716 2.5 x1071¢ 4.0 x 1071 2.2x 1071
1000 1.1 x 1071 8.5 x 1077 5.0 x 1071° - - 2.6 x 1071°
Ar-4 %H,-2 %H,0

900 1.9 x 10 1.1 x10°Y 2.0 x 10716 2.4 x 10716 5.0 x 1071¢ 2.3x 1071
1000 9.0 x 107" 1.0 x 1071¢ 5.0 x 10716 5.8 x 1071¢ 1.5x10°1° 8.1 x 10716
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Fig. 14. Chromium concentration profiles in CM (a) and AM (b) alloy IN 625
after air oxidation at 900 °C measured by EDX (symbols) compared with
calculated values (lines) using classical Wagner’s theory [49]. The curves were
calculated usingk , =1 x 107" m*s™!, D ¢, = 2.5 x 10 ** m* 5! for CM (a)
and D ¢, = 4.0 x 107'® m? s~! for AM (b). For AM alloy IN625 (b), full symbols
denote AM-Z while empty ones denote measurements for AM-X.

in AM Ni-base alloys. However, the occurrence of porosity, both in-grain
and IG, does not necessarily lead to IGOA. The key factor triggering
IGOA is the CryO3 adhesion to the alloy, i.e., whether the subsurface
voids will open or not.

5. Conclusions

This work demonstrates that additive manufacturing (AM) alone is
not the ultimate trigger of intergranular oxidation attack (IGOA) of Ni-
base alloys such as IN625. The following conclusions can be highlighted:

e AM has its reproducible effects on the microstructure and properties
of high-temperature alloys such as enhanced diffusion and the
ensuing oxidation-induced porosity. However, the subsurface inter-
granular porosity is an insufficient precondition of IGOA in AM alloy.
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Fig. 15. Chromium concentration profiles in CM (a) and AM (b) alloy IN 625
after exposure in Ar-4 %H,-2 %H,0 at 1000 °C measured by EDS (symbols)
compared with calculated values (lines) using classical Wagner’s theory [49].
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for AM-X.

o The key factor of IGOA occurrence is oxide adherence to the alloy
substrate. The latter is demonstrated using alloy IN625 to be related
to the fine chemistry of the alloy, specifically the minor deoxidant
elements e.g. Al, Si, Mn, Ti inevitably present in the metallurgy of Ni-
base superalloys.

o AM is demonstrated to have no effect on oxidation kinetics and oxide
adhesion providing that the chemical composition of the compared
AM and CM alloy batches is virtually identical.
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